An infrared thermal monitoring system installed 3.5 km from the Showa crater of Sakurajima volcano, Japan, enabled the capture of continuous thermal waveform data at 1 Hz during two recent episodes of eruptive activity. The eruptions were characterized by a sudden increase in volcanic cloud temperature in the first 2-5 s, followed by gradual cooling over a few minutes. The maximum cloud temperature varied widely between individual events with a range of more than 180
Introduction
Eruptions at the Showa crater on the southeastern flank of Sakurajima volcano in Japan ( . Groundbased thermal observations for the area around the Showa crater were conducted in the 3 months prior to the first eruption in 2006 . Compared to a survey conducted in 1992 (Kamo et al., 1995) , elevated geothermal activity indicating an increase in volcanic activity in the vicinity of the crater was observed preceding the first eruption at the Showa crater, while there were no notable changes in the seismic and geodetic records. Geothermal changes monitored even at a distance of 2-4.5 km, therefore, appear to have been the only significant precursor signals of the reactivation of this crater. Remote geothermal monitoring, conducted not only from the ground but also from the air, and even space, may thus be particularly useful for detecting imminent eruptions at dormant volcanoes, as in the 2004 eruption of Asama volcano (Kaneko et al., 2006) .
During the second eruption episode in 2007, apparent temperatures of volcanic clouds were measured using an in-frared thermal imaging camera from the eastern foot of the Sakurajima volcano (the Kurokami Observatory; Fig. 1 ). Based on 14 measurements taken over 6 weeks along with the results of infrasound-movie observations , the activity of this eruption episode was divided into the following three stages. The first stage was characterized by the ejection of volcanic materials with an apparent temperature of 40-60
• C, suggesting the ejection of choking materials within the conduit, which was reopened during the main stage of the eruption. The second, and main, stage was characterized by repeated explosive eruptions, accompanied by impulsive infrasound waves, with cloud temperatures reaching 100-160
• C. Volcanic glow and incandescent ejecta were occasionally observed during this eruption stage. In the final stage, the eruptions began to ease, and the eruption cloud temperature dropped to 20-30
• C and were accompanied by minor ash emissions with monotonic infrasound waves. The low temperatures at this stage were found to be similar to those for fumarolic steam venting in the vicinity of the crater.
However, there is some uncertainty in the interpretation of the 2007 thermal observations related to the progress of eruptive activity. The temporal change in volcanic cloud temperature was measured only 14 times over the 6-week observation period, while more than 578 individual eruptions were visually confirmed over the same period . Additionally, the first 7 thermal measurements were made based on a small number of single shots, which may not adequately account for the wide temporal variations in the thermal waveforms of the eruption cloud, particularly at the beginning of the eruption (e.g., SahetapyEngel et al., 2008) . After recognizing this issue, the thermal waveforms were recorded at an 1-Hz sampling rate for the remaining 7 observations. Although these high frequency observations would be preferable for considering the thermodynamics of each eruptive event, these are not suitable thermal data for investigating the temporal changes in eruptive activity during an episode. In order to properly consider this issue, continuous observations from permanent stations are also needed. In recent years, continuous field observations of the thermal characteristics of volcanic eruptions have been attempted at a number of volcanoes (Harris et al., 2003; Johnson et al., 2004; Ripepe et al., 2005; Patrick et al., 2007) , and several types of sensors have been employed, including a spot-targeting infrared thermometer and an infrared thermal imaging camera. Most of these observations have been conducted over periods of a few hours or days, and there are very few reports of permanent observation stations collecting data suitable for comparing and investigating changes in volcanic activity at time scales of weeks to months. Although Stevenson and Varley (2008) conducted long-term observations of the temperature of fumaroles around the crater of the Volcán de Colima, Mexico, there is very little data on volcanic plume temperature.
In this study, a new 24-h continuous thermal monitoring system was installed to observe the Sakurajima volcano. This system was operational during the 2008 eruptions of the Showa crater, and the collected data enabled investigation of the thermal characteristics. Moreover, thermal energy radiated during some eruption periods was estimated for tentative utilization of the obtained continuous thermal data.
Thermal Monitoring System at Sakurajima Volcano
In August 2007, approximately 6 months before the most recent eruption episode that started in April 2008, an infrared thermal imaging camera (TH7102MV, NEC-Sanei) was installed at the Kurokami Observatory with a clear line of sight of the Showa crater located 3.5 km to the east (Fig. 1) . The main purposes of installing a system with this camera was to continuously record thermal data on volcanic clouds produced during the eruptions and to track the temporal variation in ground surface temperature in areas around the crater, which was known to have exhibited geothermal anomalies preceding the 2006 eruptions . Similar infrared imaging camera systems for continuous monitoring of thermal activity over a period of several years have been reported by Chiodini et al. (2007) for an Italian hydrothermal area, and by Stevenson and Varley (2008) targeting fumaroles of the Volcán de Colima.
The thermal camera deployed at Sakurajima is sensitive to infrared light in the 8-14 µm wavelength range. The camera is set in a waterproof housing outside the observatory, and it is aimed at the volcano through a ZnSe window that is transparent at infrared wavelengths. The sampling frequency of thermal data capture was set to 1 Hz, and the obtained images were 320×240 pixels in size, covering a field of view (FOV) of H29
• ×V22
• with an instantaneous field of view (iFOV) of 1.58 mrad (Fig. 2) . At a distance of 3.5 km, the iFOV equates to a measurement area of 5.53 m in diameter (30.58 m 2 ), which is sufficiently small compared to the diameter of the crater (ca. 180 m). Only a square zone (24×24 pixels) including the Showa crater was selected in the present analysis ( Fig. 2(a) ) in order to exclude plume dynamics of eruption clouds, such as cooling during ascent, which is extraneous to the aims of the present study.
The temperature range measured by this system is 0-250
• C (occasionally, −20-110 • C). Although a higher range (of 100-800
• C) is available, it is not sufficiently sensitive for monitoring temperatures less than 100
• C, which are of particular interest because it is crucial to monitor thermal activity under both dormant and active eruption conditions at the Sakurajima volcano.
The camera is controlled automatically and the data are logged by a computer inside the observatory. Re-sampled data at 10-s intervals are transmitted to the Sakurajima Volcanological Observatory on the opposite (west) side of the volcano ( Fig. 1 ) via dedicated telephone lines, allowing remote semi-real-time monitoring. The performance of the system has been reported in detail by Yokoo et al. (2008a) .
Eruptions at Showa Crater in 2008
In 2008, the Showa crater erupted more energetically and frequently than in the two previous episodes in 2006 and 2007. During the third episode of eruptions (February 3-6, 2008) , quite explosive eruptions accompanied by dense pyroclastic density currents (PDCs), reaching distances of up to 1.5 km from the crater, were observed ( Fig. 3(a) ). The peak amplitudes of infrasound waves associated with these eruptions were recorded as 80-150 Pa at a station 2.3 km from the crater. These values of infrasound amplitudes are similar to those of the recent Vulcanian eruptions that occurred at the summit crater (Yokoo et al., 2009 ). This episode lasted for only four days, with sudden onset and cessation.
In the first 10 weeks of the fourth eruption episode (the latest period), which began on April 3 after a hiatus of 2 months, two types of eruptions occurred almost daily: an eruption accompanied by impulsive infrasound waves and incandescent ejecta, and an intermittent, quiet venting of ash similar to the eruptions in 2006 and 2007. The mean eruption duration was approximately 14 min for 839 eruptions identifiable from daytime video monitoring at the Kurokami Observatory (the different eruption types were not distinguished for these durations). The longest erup- tive single event lasted more than 5 h with continuous ash emissions on April 23. A total of 33 small PDCs caused by the partial collapse of volcanic clouds or by overflow directly from the crater were observed during this fourth episode, similar to the previous episodes ( Fig. 3 ; . Volcanic glow was observed frequently from April until early June. Near the end of this period of volcanic glow (June 9-13), explosive eruptions accompanied by 20-50 Pa infrasound waves were pronounced, whereas amplitudes of infrasound waves of almost all eruptions observed before June were only a few Pascals or less. After June 2008, eruptive activity decreased abruptly, and eruptions occurred sporadically every 8-28 days. Ash ejections finally ceased on October 20, 2008. Contrary to our expectation based on the pre-2006 case , obvious precursory signals in ground surface temperature around Showa crater exceeding diurnal and seasonal changes of variations cloud not identified before neither the third nor the fourth eruption episodes. It would be because geothermal activity around the crater already had become considerably high before the first episodic eruptions in 2006 and such condition had continued to those dates.
Thermal Data
During the 2008 eruption episodes, particularly for those after April, continuous thermal data were successfully recorded by the new monitoring system, even at night when video monitoring systems using high-sensitivity TV cameras (Yokoo et al., 2009 ) are ineffective. A total of 808 thermal events were recorded (Figs. 2 and 4) , although some events were missed due to adverse weather conditions.
The maximum apparent surface temperature of volcanic clouds for each eruptive event was determined from the obtained thermal data. The highest temperature on February 6 in association with a vigorous PDC eruption event ( Fig. 3(a) ) exceeded the maximum scale of the thermal sensor (>250
• C) and was recorded as an over-scale reading. Cloud temperatures for other cases were within in the range of 16-203
• C (Fig. 4(a) ), which was not as high as those observed at other active volcanoes (Harris et al., 2003; Ripepe et al., 2005) and can be attributable to the relatively long distance between the camera and the crater (c.f., Harris et al., 2009 ). These observations were affected by a combination of high atmospheric transmissivity along with the propagation path of infrared light, and the coarse spatial resolution of the camera compared to the sizes of the hot particles ejected. More than 85% of the event data for the surface temperature of volcanic clouds is below 50
• C. The average temperature of 39
• C (median temperature 33 • C), is higher than that reported for the last stage of the 2007 eruptions , and slightly lower than that for the first stage of the 2007 events.
Exit velocities of the volcanic clouds at the crater rim, which were estimated from good video images by tracing the heads of clouds for the first 10-30 frames (0.3-1.0 s), are plotted against their maximum temperatures in Fig. 4(b) . A positive, but weak, correlation among them may be recognized. PDCs tended to accompany the eruption events with volcanic clouds of higher temperatures that had higher exit velocities. When comparing the individual thermal waveforms of each eruption event, the stacked signals for temperature were estimated. That is, the maximum temperature was normalized to the background temperature immediately prior to the eruption (Harris and Thornber, 1999; Ripepe et al., 2005) for the respective eruption events. Then, normalized waveforms classified by the maximum temperatures were stacked (Fig. 5) . Although variations of more than 180
• C in the maximum apparent temperature were recorded for individual events (Fig. 4) , the stacked signals reveal the following common characteristics of the thermal waveforms, regardless of the individual temperatures; such as a rapid increase in temperature toward the peak value in the first 2-5 s, which is followed by a more gradual decrease over a few minutes, like the thermal waveforms observed at Santiaguito volcano (Sahetapy-Engel et al., 2008) .
The temporal changes in apparent cloud temperature for all recorded events in 2008 are displayed in Fig. 6 . During the third eruption episode (February 3-6), a maximum cloud temperature of >250
• C was recorded at the eruption with the largest PDC (Fig. 3(a) ). This remains the highest temperature recorded at the Showa crater to date (May 2009). During this period, no distinct trend in temperatures could be identified, with considerable scattering over a wide temperature range (over 200
• C) over just four eruptive days. In the data for the fourth eruption episode, a decrease in the maximum cloud temperature seems to be recognized against a slight increase in the temperature minimum from April until August. The latter temperature change was dependent on an increase of ambient (background) temperature due to seasonal change from spring to summer. However, there were no other clear trends in the temperature data due to large event-by-event fluctuations on each eruption day. Furthermore, no simple changes related to surface manifestation of eruptive activity described in Section 3, such as those observed in the second episode of eruptions in 2007 , were apparent for either the third or fourth eruption episodes. For example, eruption cloud temperatures over 100 • C were observed from July to August when the activity became low, during which period there was neither volcanic glow nor reddish ejecta, which is recognized as simple evidence of the presence of hightemperature materials at a rather shallow portion of the crater. This suggests that it would be premature to con- sider relating observed temperatures of volcanic clouds to the progress of volcanic activity. It also means that any other factors controlling these temperatures need to be examined; e.g., size and volume fractions of hot particles in the cloud within the iFOV of the camera, which are affected by a fragmentation process of magma occurring within the conduit. Figure 7 shows the temporal relation over 2-day periods among eruptive periods at the Showa crater identified by video images, cloud temperatures with referential ones that were both obtained by the thermal monitoring system, and the tangential component of the strain changes that were observed in an underground tunnel at 2.2 km from the crater. As Iguchi et al. (2008b) mentioned, strong relations between the surface manifestation and temporal changes of ground deformation, such as saw-tooth patterns, were sometimes recognized in the repeated eruptive periods during the 2008 episode ( Fig. 7(a) ). In contrast, less clear geodetic changes were observed during other periods of eruptions which were occurred continuously ( Fig. 7(b) ). Surface characteristics of each individual eruptive event were not quite different in both periods. The former type of geodetic pattern have been well reported and analyzed by many researchers (e.g., Ishihara, 1990; Iguchi et al., 2008a) , however, the latter change has rarely been referenced, much less analyzed, because these patterns had been inconspicuous thus had not been identified previously.
Released Radiative Thermal Energy
For understanding the mass balance during eruptions with such clear or unclear geodetic records, estimation of the mass flux of the essential materials in grate detail is important but difficult (Ishihara, 1990) . Alternatively the author focused the radiative heat energy of ejected volcanic cloud, which would be proportional to the mass of the essential materials during continuous eruptions. The radiative energy has been shown to be correlated with some eruptive parameters of ejected materials (Johnson et al., 2004; Scharff et al., 2008) . Inevitably, here is evaluating whether the estimated thermal energies are correlated with the contracted volume of the ground.
Based on the volcanic cloud temperature T cloud (K) in the findings of the current observation, the radiative thermal energy E (J) released in each eruption period i can be calculated by
according to Johnson et al. (2004) and Scharff et al. (2008) , where is the emissivity (0.9), σ is the Stefan-Boltzmann constant (5.67×10
is the area of the eruption cloud at the crater in the thermal data, T ref (K) is the background temperature, and τ (s) is the duration of volcanic cloud venting from the crater.
Here, the value of T ref is set to the average temperature of the nearest, non-anomalous thermal region around the crater ( Fig. 2 ; in order to exclude diurnal changes due to ambient conditions (solar heating and cooling; Fig. 7 ) that overlap with observed temperatures. Moreover, the following two additional assumptions are considered for estimating a proxy for the energy E i . One is that all ejected particles within an analyzed area are at almost the same temperature at each moment, and the other is that cloud area in the image just above the crater S(t) is fixed with time. Accordingly, E i becomes a simple function of Figure 8(a) shows the log-log plot of resulting relation between volume changes associated with each eruptive period (gray masked periods in Fig. 7 ) that were estimated using strain and tilt changes assuming Mogi's model (Mogi, 1958; Ishihara, 1990) and proxy for radiative thermal energies estimated by Eq. (1). A weak, but positive, correlation is apparently observed. Although the data set is too small to establish any credible relation between radiative thermal energy and volume changes, it is confirmed that continuous ash emissions would be also related to the contraction of the magma chamber as of the distinct repeated eruptions. These proxy for the energies are essentially based on apparent temperatures, however, temperatures themselves are not surely correlated with the volume changes (Fig. 8(b) ) because they lack information on each duration of eruptive period. Although some questions are still opened on these results, for example, about precise relation between ejected volume of the cloud and estimated volume change of contraction inferred from geodetic data at each event, like a result of Ishihara (1990) , the temperature data of volcanic clouds available from infrared thermal image monitoring will possibly become a useful key in appreciating the mass and energy balance during future eruptions.
Summary
Using a new thermal monitoring system installed to observe eruptions at the Showa crater of Sakurajima volcano, eruptions were found to exhibit an initial rapid increase in temperature, followed by a gradual cooling. All observed thermal waveforms captured at a sampling rate of 1 Hz were found to be quite similar, despite recording a wide range (>180
• C) of maximum cloud temperatures. Although comparison of these thermal data with other geophysical records (e.g., seismic and geodetic records) may have the potential to provide useful information for understanding the eruption mechanisms of volcanoes, the present thermal monitoring was not sufficient to clarify the changes in eruptive activity in 2008. Further refinement to utilize data obtained by the permanent thermal monitoring system and detailed thermodynamics of volcanic cloud for each eruption event at the Showa crater will be discussed on another occasion.
